










































A Laplacian-based algorithm for non-isothermal atomistic-
continuum hybrid simulation of micro and nano-flows
Citation for published version:
Alexiadis, A, Lockerby, DA, Borg, MK & Reese, JM 2013, 'A Laplacian-based algorithm for non-isothermal
atomistic-continuum hybrid simulation of micro and nano-flows' Computer methods in applied mechanics
and engineering, vol. 264, pp. 81-94. DOI: 10.1016/j.cma.2013.05.020
Digital Object Identifier (DOI):
10.1016/j.cma.2013.05.020
Link:




Computer methods in applied mechanics and engineering
General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.






















I.44%/8" +%G%$(AB%/8&" '/" B'04(" */+" /*/(C$.'+'0&" 9*G%" 04%*8%+" 89%" /%%+" C(4" /%:"
0(BA.8*8'(/*$"B%89(+&"89*8"0*/"0(/0.44%/8$6"*/+"%CC'0'%/8$6"9*/+$%"+'CC%4%/8"8'B%"*/+"
$%/=89"&0*$%&1"#8"89%&%"&0*$%&"'/"C*08"89%"0(/8'/..BDC$.'+"96A(89%&'&"$(&%&"'8&"G*$'+'86"*/+"
89%"5%9*G'(.4"(C"89%"C$.'+"&9(.$+"5%"0*$0.$*8%+,"*8" $%*&8" '/"89%(46," C4(B"89%"J*G%4*=%+K"
B(8'(/" (C" '8&" 0(/&8'8.8'G%" B($%0.$%&1" F/" A4*08'0%," 9(:%G%4," B(&8" (C" 89%" 8'B%" 89%"
0(/8'/..B" C(4B.$*8'(/" 0*/" &8'$$"5%"%BA$(6%+" 8("+%&04'5%" 89%"(G%4*$$" 5%9*G'(.4"(C" 89%"
C$.'+," 5.8" 0%48*'/" L*+M.&8B%/8&N" B.&8" 5%" '/84(+.0%+1" H9%" &8*/+*4+" /(D&$'A" 5(./+*46"
0(/+'8'(/&," C(4" '/&8*/0%,"0*//(8"*$:*6&"5%"%BA$(6%+" '/"B'04(C$(:&,":9'$%"0(/C'/%B%/8"
'/" /*/(09*//%$&" 04%*8%&" */'&(84(A'%&" '/" *" C$.'+N&" +%/&'86" */+" *$8%4*8'(/&" (C" 89%"
B($%0.$*4"+'&84'5.8'(/"C./08'(/,":9'09,"'/"8.4/,"*CC%08"*$$"89%"B*04(&0(A'0"A4(A%48'%&"(C"
89%" C$.'+1" " H9'&" A9%/(B%/(/" 9*&" 5%%/" 0$%*4$6" +%B(/&84*8%+" C(4" :*8%4" '/" 0*45(/"
/*/(8.5%&"J#$%)'*+'&"*/+";*&&'/(&"OPPQ*R"#$%)'*+'&"*/+";*&&'/(&"OPPQ5R"#$%)'*+'&"*/+"
;*&&'/(&" OPPQ0R" #$%)'*+'&" */+" ;*&&'/(&" OPPQ+R" S'09($$&" %8" *$1" OP!O*R" S'09($$&" %8" *$1"
OP!O5K,":9%4%" &%$CD+'CC.&'G'86,"96+4(=%/"5(/+'/=," C4%%T'/="A('/8," G'&0(&'86"%801" *4%"/(8"
(/$6"G%46"+'CC%4%/8"C4(B"89(&%"(C"5.$3":*8%4,"5.8"*$&("/(/D./'C(4B$6"+'&84'5.8%+"'/"89%"
/*/(8.5%1" FC":%" 0(/&'+%4," C(4" '/&8*/0%," 89%" 0*&%"(C" 84*/&A(48"A4(A%48'%&" J%1=1" G'&0(&'86,"
+'CC.&'G'86,"*/+" 89%4B*$"0(/+.08'G'86K," 89%"*88%BA8" 8("A4(G'+%"*"0$*&&'0*$" 0(44%$*8'(/"(C"
89%" 86A%" C$.)U!J=4*+'%/8K" JG'T1" C$.)" (C" B(B%/8.B," 9%*8" (4" B*&&" *&" *" C./08'(/" (C,"
4%&A%08'G%$6," G%$(0'86," 8%BA%4*8.4%" (4" 0(/0%/84*8'(/" =4*+'%/8K" :(.$+" C*'$" 5%0*.&%" 89%"
4%&.$8":(.$+"+%A%/+"/(8"(/$6"(/" 89%" C$.'+"09*4*08%4'&8'0&"5.8"*$&("(/" 89%"&'T%"*/+" 89%"
=%(B%846"(C"89%"/*/(09*//%$1"H9%4%"*4%"%G%/"&(B%"B*04(&0(A'0"0*&%&"89*8"*4%"+'CC'0.$8"





A4(G'+%" *" 5%88%4" A'08.4%" (C" 89%" C$.'+N&" 5%9*G'(.41" -%&A'8%" 89%" 4%0%/8" *+G*/0%&" '/"
0(BA.8%4" 9*4+:*4%" */+" &(C8:*4%," 9(:%G%4,"B($%0.$*4" &'B.$*8'(/&" 0*//(8" 6%8" 9*/+$%"
89%" $*4=%" /.B5%4" (C" *8(B&" '/G($G%+" '/" B*/6" B'04(" */+" /*/(C$.'+'0" *AA$'0*8'(/&1" F/"
(4+%4" 8(" 8*03$%" 89'&" A4(5$%B," G*4'(.&" *8(B'&8'0D0(/8'/..B"9654'+" J#IWK"B(+%$&" 9*G%"
5%%/" 4%0%/8$6" A4(A(&%+" J&%%" 7(9*B%+" */+" 7(9*B*+" OP!P" C(4" *" 4%G'%:K1" H9%" C$.'+,"
+%A%/+'/="(/"89%"B(+%$,"'&"84%*8%+"=$(5*$$6"(4"A*48'*$$6"*&"*"0(/8'/..B,"*/+"+%&04'5%+"
56" 89%" S*G'%4DX8(3%&" %E.*8'(/&R" '/" 0%48*'/" &A%0'C'0" 4%='(/&," 9(:%G%4," B($%0.$*4"
+6/*B'0&"'&"%BA$(6%+1""
Y/%" A4*08'0*$" *+G*/8*=%" (C" 89%&%" 9654'+" B%89(+&" 0(/&'&8&" '/" 89%" C*08" 89*8,"
'/+%A%/+%/8$6," 5(89" 89%" 0(/8'/..B" */+" 89%" *8(B'&8'0" /.B%4'0*$" A*48&" 9*G%" 5%%/"
%)8%/&'G%$6"+%G%$(A%+" '/"89%" $*&8"+%0*+%&,"*/+"4%&%*409%4&"0*/"/(:"8*3%"*+G*/8*=%"(C"
89%"B*/6"*00%&&'5$%"0(BA.8*8'(/*$"C$.'+"+6/*B'0&"JIZ-K"*/+"B($%0.$*4"+6/*B'0&"J7-K"
0(+%&1" I.44%/8" 4%&%*409" '/" 89%" C'%$+" 89%4%C(4%" C(0.&%&" (/" 89%" 0(.A$'/=" 5%8:%%/" 89%"
0(/8'/..B"*/+"89%"*8(B'&8'0"&($G%4&1"
H9%4%"*4%"G*4'(.&"#IW"B%89(+&"*G*'$*5$%"'/"89%"$'8%4*8.4%"J&%%"7(9*B%+"*/+"7(9*B*+"
OP!P" C(4" *" 4%G'%:K," :9'09" 0*/" 5%" 0$*&&'C'%+" *00(4+'/=" 8(" 89%" :*6" 89%6" %)09*/=%"
'/C(4B*8'(/"5%8:%%/" 89%"0(/8'/..B"*/+"*8(B'&8'0"&($G%4&1"[*09"(C" 89%&%"B%89(+&"9*&"
&A%0'C'0" *+G*/8*=%&" */+"+'&*+G*/8*=%&" *00(4+'/=" 8(" 89%"A*48'0.$*4" *AA$'0*8'(/" 09(&%/1""
W%4%,":%"C(0.&"(/"89%"*AA4(*09"3/(:/"*&"89%"9%8%4(=%/%(.&"B.$8'&0*$%"B%89(+"JW77K"
J?%/"*/+"["OPP\K"(4,"*$8%4/*8'G%$6,"*&"A('/8D:'&%"0(.A$'/="J]@IK"J#&A4(.$'&"%8"*$1"OP!OK1"
H9%&%" 9654'+" B%89(+&" *4%" A*48'0.$*4$6" .&%C.$" '/" 89%" 0*&%" (C" 89%" &(D0*$$%+" L86A%" <N"
A4(5$%B&" J?%/" */+"[" OPP\K,":9'09" 4%E.'4%" 89%" +%8%4B'/*8'(/" (C" C'4&8DA4'/0'A$%D5*&%+"
0$(&.4%"8%4B&"'/"89%"0(/&8'8.8'G%"A*48&"(C"89%"B*04(&0(A'0"B(B%/8.B"%E.*8'(/1"F/"(.4"
0*&%," C(4" '/&8*/0%," 89'&" B%*/&" 89*8" 0%48*'/" &A%0'C'0" %$%B%/8&" (C" 89%" S*G'%4DX8(3%&"
%E.*8'(/&"J%1=1"&9%*4"&84%&&K"*4%"+%4'G%+"+'4%08$6"C4(B"*8(B'&8'0"0*$0.$*8'(/&1"
H9%"=%/%4*$"*AA4(*09"(C"89%"W77V]@I"'&"89%"C($$(:'/="J?%/"*/+"["OPP\R"#&A4(.$'&"%8"
*$1" OP!OR" <(4=" %8" *$1" OP!^K1" 2%8" .&" *&&.B%" 89*8" 89%" G*$.%" (C" *"B'04(&0(A'0" G*4'*5$%"."
J&84%*B'/="G%$(0'86K"0*/"5%"+%8%4B'/%+"56"B%*/&"(C"*"B'04(&0*$%"B(+%$"J%1=1"B($%0.$*4"
+6/*B'0&K1"@%"*4%"/(8" '/8%4%&8%+" '/" 89%"B'04(&0(A'0"+%8*'$&"(C".," 5.8" 4*89%4"*" 0(*4&%D





$ $ % % & &'												(#)"
:9%4%""" '&" 89%"8'B%,"ρ" '&" 89%"+%/&'86,"2" '&" 89%"%)8%4/*$" C(40%"A%4"./'8"B*&&"*/+"3" '&" 89%"
B(B%/8.B"C$.)"+%C'/%+"*&"
^"!
% ! $""& () " *'										(*)"
:9%4%" #" '&" 89%" A4%&&.4%," *" 89%" '+%/8'86" B*84')" */+" τ" 89%" &9%*4" &84%&&1" F/" 84*+'8'(/*$"
0(/8'/..B"B(+%$$'/=,"*/"%BA'4'0*$"4%$*8'(/&9'A"5%8:%%/"89%"&9%*4"&84%&&"*/+"89%"&84*'/"
4*8%"'&"'/84(+.0%+"'/"(4+%4"8("0$(&%"%E.*8'(/"JOK"*/+,"89%4%C(4%,"%E.*8'(/"J!K1""F/"W77,"
89%"B'04(&0(A'0"B(+%$"A4(G'+%&" *$$" 89%" '/C(4B*8'(/"/%0%&&*46" 8("+%8%4B'/%"31" H9'&" '&"
.&.*$$6" +(/%" 56" B%*/&" (C" 89%" F4G'/=D;'43:((+" JF;K" %E.*8'(/" JF4G'/=" */+" ;'43:((+"
!_\`K"






































86A%" (C" 0(BA.8*8'(/*$" 0%$$" '&" A%4'(+'0" */+" 09*/=%&" '8&" &9*A%" +.4'/=" 89%" &'B.$*8'(/" '/"
&.09"*":*6"*&"8("A4(+.0%"*"&A%0'C'0"G%$(0'86"=4*+'%/8"'/"89%"C$(:1"Z4(B"89'&"=4*+'%/8,"89%"
B(B%/8.B"C$.)"0*/"5%"0*$0.$*8%+"56"%E.*8'(/"J^K"*/+"'/84(+.0%+"'/8("%E.*8'(/"J!K1"
F/" 89'&" A*A%4," 9(:%G%4," :%" A4%C%4" 89%" &'BA$%4" LC4*B%+N" 0%$$" %BA$(6%+" 56"
W*+M'0(/&8*/8'/(." */+" ]*8%4*" J!__aK," :9%4%" 89%" &9%*4" &84%&&" '&" =%/%4*8%+" 56"
0(/&84*'/'/="89%"G%$(0'86"'/"*"LC4*B%N"4*89%4"89*/"56"B(+'C6'/="89%"&9*A%"(C"89%"5()1"H9%"
C4*B%+"0%$$"'&"A%4'(+'0,"5.8":%"0*//(8"&'BA$6"0*$0.$*8%"89%"*G%4*=%"&84%&&"'/"89%":9($%"
5()" 5%0*.&%" 89%" A4%&%/0%" (C" */" %)8%4/*$" 5.CC%4" :(.$+" A4(+.0%" &A.4'(.&" 4%&.$8&1" @%"
/%%+"89%"$(0*$"&84%&&"'/"89%"0(4%"4%='(/,"5.8"89'&"0(BA$'0*8%&"89%"6!""8%4B"'/"%E.*8'(/"J^K1"
H9%4%" *4%" (89%4"B%89(+&" 8(" 0*$0.$*8%" 89%" &84%&&" 8%/&(4" &.09" *&" 89%"B%89(+" (C" A$*/%&"
JH(++"%8"*$1"!__\K,"89%"G($.B%D*G%4*=%"*AA4(*09"J2.8&3("!_QQR"I(4B'%4"%8"*$1"OPP!K,"(4"
89%" B%89(+" +%4'G%+" C4(B" 89%" X09:%'8T" G'4'*$" 4%$*8'(/" J2'(/" */+" #$$%/" OP!OK," 5.8," '/"
=%/%4*$,":%"B.&8"09((&%"5%8:%%/"*"0(BA$'0*8%+"0(BA.8*8'(/*$"0%$$"J'1%1"2%%&D[+:*4+&"
0%$$K"*/+"&'BA$'C6'/="89%"0*$0.$*8'(/"(C"89%"B(B%/8.B"C$.),"(4"*"&'BA$%"0%$$"J'1%1"C4*B%+"
0%$$K" */+" 0(BA$'0*8'/=" 89%" 0*$0.$*8'(/" (C" 89%" B(B%/8.B" C$.)1" H9%" /%:" B%89(+" :%"
A4(A(&%" 9%4%" +(%&" /(8" /%%+" 89%" +'4%08" 0*$0.$*8'(/" (C" 89%" C$.)," &(" '8" *G('+&" 89'&" '&&.%"
*$8(=%89%4b":%"0*/".&%"89%"C4*B%+"0%$$"*/+,"*8"89%"&*B%"8'B%,"*G('+"89%"0*$0.$*8'(/"(C"89%"
F;"%E.*8'(/1"
Y.4" *AA4(*09," C.489%4B(4%,":(43&" C(4" &8%*+6D&8*8%" &6&8%B&1" F/" (/%"(C" 89%" C'4&8" 9654'+"
B%89(+&" A4(A(&%+" C(4" 89%" 0*&%" (C" +%/&%" C$.'+&," 89%" -(B*'/" -%0(BA(&'8'(/" 7%89(+"
J--7K," 89%" 84*/&'%/8" 0*&%" :*&" B(4%" 09*$$%/='/=" 89*/" 89%" &8%*+6D&8*8%" 5%0*.&%" 89%"
`"!
0(/8'/..B" 8'B%D&8%A" :*&" A*48'*$$6" 4%$*8%+" 8(" 89%" *8(B'&8'0" (/%" J&%%" 7(9*B%+" */+"
7(9*B*+"OP!P"C(4"+%8*'$&K1"F/"'8&"(4'='/*$"C(4B.$*8'(/"J?%/"*/+"["OPP\K,"9(:%G%4,"89%"
W77"0*//(8"5%".&%+"C(4"&8%*+6D&8*8%"C$(:&,"&'/0%,"'C"'/"%E.*8'(/"J!K"89%"8'B%"+%4'G*8'G%"
G*/'&9%&,"1" +'&*AA%*4&"*/+" 89%" 0(/8'/..B"&($.8'(/" 0*//(8"5%" 0*$0.$*8%+1" X8%*+6D&8*8%"
&($.8'(/&," (C" 0(.4&%," 0*/" *$:*6&" 5%" (58*'/%+" *&" $'B'8'/=" 0*&%&" (C" *" 8'B%D'BA$'0'8"
&'B.$*8'(/,"5.8"89'&"(A8'(/"'&"/(8"(A8'B*$":9%/"$(/="84*/&'%/8"A%4'(+&"*4%"'/G($G%+1"H9'&"
0'40.B&8*/0%" 0*/" $'B'8" 89%" *AA$'0*5'$'86" (C" 89%" B%89(+," &'/0%" B*/6" B'04(" */+"
/*/(C$.'+'0"A4*08'0*$"*AA$'0*8'(/&":(43"*8"&8%*+6"&8*8%"J#5=4*$$"*/+"S=.6%/"OPP_K1"
H9%"(89%4"5%/%C'8" (C" 89%"B%89(+":%"A4(A(&%"9%4%" '&" 89*8" '8" 0*/"5%" %*&'$6" %)8%/+%+" 8("
/(/D'&(89%4B*$" C$(:&" */+," '/" 89'&" *48'0$%," B(B%/8.B" */+" 9%*8" 84*/&C%4" *4%" *08.*$$6"
9*/+$%+"8(=%89%41"<%C(4%"9654'+"B(+%$&"0*/"%)A4%&&"89%'4"C.$$"A(8%/8'*$"C(4"%/='/%%4'/="
*AA$'0*8'(/&,"89%6"B.&8"5%"*5$%"8("B*/*=%"89%":9($%"&A%084.B"(C"84*/&A(48"A9%/(B%/*"
J'1%1"B(B%/8.B,"9%*8"*/+"B*&&K1"@9'$%" 89%4%" '&"(/%" &8.+6" '/0$.+'/="9%*8" 84*/&A(48" '/"
89%" --7" J2'." %8" *$1" OPPaK," 89%" W77" '&," C(4" 89%" B(B%/8," $'B'8%+" (/$6" 8(" B(B%/8.B"
84*/&C%4" J+'CC.&'G%"B*&&" 84*/&C%4" '&" &8'$$" B'&&'/=" '/" 5(89" C(4B.$*8'(/&K1"@%"B.&8" *$&("
0(/&'+%4" 89*8," *8" 89%" B($%0.$*4" &0*$%," 9%*8" */+" B(B%/8.B" 84*/&A(48" *4%" 0(//%08%+,"
:9'09" .&.*$$6" +(%&" /(8" %B%4=%" '/" B*04(&0(A'0" C$(:&" *8" $(:" 7*09" /.B5%41"
F&(89%4B*$'86," '/" C*08," '&" *" 0(BB(/" *&&.BA8'(/" '/" %/='/%%4'/=" C$(:&" :9%4%" 9%*8" '&"
/%'89%4" =%/%4*8%+" J%1=" C4(B" /.0$%*4" (4" 09%B'0*$" 4%*08'(/&K" /(4" %)8%4/*$$6" '/84(+.0%+"
J%1=1":*$$&"*8"*"+'CC%4%/8"8%BA%4*8.4%"C4(B"89%"C$.'+K1"#8"89%"B'04(&0*$%"*/+"%&A%0'*$$6"*8"




H9'&" A*A%4" '&" (4=*/'T%+" *&" C($$(:&1" Z'4&8," :%" ='G%" *" =%/%4*$" (G%4G'%:" (C" 9(:" 89%"
*8(B'&8'0D0(/8'/..B"9654'+"*$=(4'89B":(43&1"X%0(/+,":%"+%&04'5%"89%"7-"5()":%".&%"
C(4" (.4" &'B.$*8'(/" */+" 9(:" G%$(0'86" */+" 8%BA%4*8.4%" *4%" 0(/&84*'/%+" '/" (4+%4" 8(" 5%"
0(/&'&8%/8":'89" 89%" 0(/8'/..B"&($.8'(/1"H9'4+,":%" 4%C(4B.$*8%" 89%" 0(.A$'/=" '/" &.09" *"













X8%A" `," 4%&84'08'(/b" 89%" B($%0.$*4" 4%&.$8&" *4%" A4(0%&&%+" '/" (4+%4" 8(" %)84*08" 89%"
'/C(4B*8'(/"4%E.'4%+"8(".A+*8%"89%"B*04(&0(A'0"&($G%4"*/+"&8*48"*"/%:"060$%1!
X8%A" !" */+" X8%A" ^" *4%" 4%&A%08'G%$6" 89%" cA.4%c" 0(/8'/..B"*/+"B($%0.$*4"B(+%$&R" =((+"
=%/%4*$"4%C%4%/0%&," '/" 89'&"0*&%,"*4%"4%&A%08'G%$6"2*/+*."*/+"2'C&9'8T" J!_\_K"*/+"#$$%/"
*/+"H'$+%&$%6"J!_QaK1"X8%A&"O"*/+"`,"9(:%G%4,"*4%"&A%0'C'0"8("9654'+"B(+%$&R"'/"A4*08'0%,"
%*09"(C"89%&%"0*/"5%"&%%/"*&"*/"'/8%4C*0%":9'09"4%=.$*8%&"89%"%)09*/=%"(C" '/C(4B*8'(/"
5%8:%%/" 89%" 8:(" &($G%4&1" H9%" 86A%" (C" '/C(4B*8'(/," */+" 9(:" '8" '&" %)84*08%+" C4(B" (/%"
B(+%$"*/+" '/84(+.0%+" '/8(" 89%"(89%4," '&"A4%0'&%$6":9*8"09*4*08%4'T%&"*"&A%0'C'0"9654'+"
*AA4(*091"F/"X%08'(/"^"*/+"X%08'(/"`":%"+'&0.&&"&8%A&"O"*/+"`"(C"(.4"*AA4(*091""
F/" 89%" C($$(:'/=" &%08'(/&":%" =%/%4*$$6" .&%" $(:%40*&%" $%88%4&" J.,"%," T" %801K" C(4" 89%" C$.'+"
G*4'*5$%&" 4%$*8%+" 8(" 89%" B'04(" &.5+(B*'/" */+" .AA%40*&%" $%88%4&" 8(" '/+'0*8%" 89%"
0(44%&A(/+'/=" B*04(&0(A'0" G*4'*5$%&" J1," >," d" %801K1" H9%" (/$6" %)0%A8'(/" '&" 89%"
8%BA%4*8.4%"(R" &'/0%" 89%" $(:%40*&%" "" '&".&%+" C(4" 8'B%," 89%" 8%BA%4*8.4%" C(4" 89%"B'04(D
&'B.$*8'(/&"'&"'/+'0*8%+":'89"89%"e4%%3"$%88%4")1"Z(4"0(/&'&8%/06":'89"89%"./'8&".&%+"'/"
(.4" 7-" 0(+%," *$$" 4%&.$8&" *4%" A4%&%/8%+" '/" 4%+.0%+V/(4B*$'&%+" ./'8&" *&" +%&04'5%+" '/"
#AA%/+')"#1"""
?) 39<05%&:<-0',:@.$&$/,+&80'<880
I(/&'&8%/06" 5%8:%%/" 89%" B'04(&0(A'0" */+" 89%" B*04(&0(A'0" +(B*'/&" 'BA(&%&" 0%48*'/"
0(/+'8'(/&" J%1=1" &84%*B'/="G%$(0'86,"+%/&'86"*/+" 8%BA%4*8.4%K"*8" 89%"5(./+*4'%&"(C" 89%"
7-"0%$$1" FC":%"89'/3"(C" 89%"7-"0%$$"*&"*"&B*$$":'/+(:"%B5%++%+"'/8("89%"B*04(&0(A'0"
+(B*'/" *&" '/"Z'=.4%"O,":%"./+%4&8*/+" 89*8," '/" 89%" 4%='(/":9%4%" 89%" 8:("+(B*'/&" *4%"
L=$.%+N" 8(=%89%4," 89%" (.80(B%" (C" 89%" 8:(" B(+%$&" &9(.$+" B*8091" 2%8" .&" *&&.B%," C(4"
'/&8*/0%,"89*8,"*&" '/"89%"W77,"89%"C'4&8DA4'/0'A$%"+*8*"89%"0(/8'/..B"B(+%$"4%E.'4%&"'&"
89%" B(B%/8.B" C$.)" 0*$0.$*8%+" C4(B" 89%" 7-" &'B.$*8'(/" */+" 89%/" A*&&%+" 8(" 89%"
B*04(&0(A'0"&($G%41"H9%"G*$.%"(C"89%"B(B%/8.B"C$.)"+%A%/+&"(/"89%"G%$(0'86"=4*+'%/8R"













B(+%$1"H9%"%)8%4/*$" 4%='(/" &.44(./+'/=" 89%" C4*B%" '&" 89%" L5.CC%4N,":9'09"+(%&"/(8"A$*6"
*/6"4($%"'/"89%"%)09*/=%"(C"'/C(4B*8'(/"5%8:%%/"89%"&($G%4&"5.8"'8"*$$(:&"89%"&($.8'(/"8("
4%$*)"5%8:%%/"89%"%)8%4/*$"5(./+*4'%&"(C"89%"5()"*/+"89%"C4*B%1""



















:9%4%"*#" '&" 89%"<($8TB*//" 0(/&8*/8" */+"'ν" 89%" /.B5%4" (C" +%=4%%&" (C" C4%%+(B"(C" 89%"
&6&8%B1""
F/" W*+M'0(/&8*/8'/(." */+" ]*8%4*" J!__aK," 89%" 0(/&84*'/8" :*&" *09'%G%+" 56" .&'/=" *"
L7*):%$$" -%B(/N" *AA4(*091" F/" (.4" 0*&%," 9(:%G%4," :%" C'/+" 89*8" 89%" G%$(0'86D
&9'C8'/=VG%$(0'86D4%&0*$'/=" &84*8%=6" A4(G'+%&" *" &B((89%4" 84*/&'8'(/," %&A%0'*$$6" C(4"
8%BA%4*8.4%"A4(C'$%&,"5%8:%%/"89%"C4*B%"*/+"89%"0(4%"4%='(/1"7(4%"+%8*'$&"(/"89'&"86A%"
(C"0%$$"0*/"5%"C(./+"'/"-4.3*3'&"*/+"#&A4(.$'&"JOP!PK1"
H9%"4($%"(C" 89%"5.CC%4" '/" 89%"7-"&.5D+(B*'/" '&"*$&(" 'BA(48*/81"H9%4%"*4%," '/" C*08," 8:("
86A%&"(C"0(/0%A8.*$$6"+'CC%4%/8"5(./+*46"0(/+'8'(/&" '/"89%"0%$$"*/+"89%6"&9(.$+"/(8"5%"
0(/C.&%+$1"H9%" C'4&8" 0(/+'8'(/&"*4%" 89%"G%$(0'86"*/+" 8%BA%4*8.4%"A4(C'$%&"0(B'/=" C4(B"
89%" 0(/8'/..B"+(B*'/1"H9%&%" *4%" C./+*B%/8*$" 8(" 89%"A96&'0&" (C" 89%"A4(5$%B"*/+" *4%"
'BA(&%+" '/" 89%" C4*B%1" " H9%" &%0(/+" 0(/+'8'(/&" *4%" 89%" %)8%4/*$" 5(./+*4'%&" (C" 89%"
0(BA.8*8'(/*$" 5()1" X'/0%" */6" B($%0.$*4" +6/*B'0" &'B.$*8'(/" '&" 0*44'%+" (.8" '/" *"
0(BA.8*8'(/*$"5()," *" &%8"(C" 4.$%&"B.&8"5%"%&8*5$'&9%+" 8("+%8%4B'/%":9*8"9*AA%/&" 'C"*"
B($%0.$%" 04(&&%&" 89%" 5(./+*4'%&" (C" 89%" 5()1" F/" 89%" A4%&%/8" 0*&%," 89%&%" 5(./+*46"
0(/+'8'(/&"*4%"(/$6"/%%+%+" 8(" 0(/8*'/"*$$" 89%"B($%0.$%&":'89'/" 89%"0(BA.8*8'(/*$"5()"
*/+" 89%"B($%0.$%&" '/" 89%"5.CC%4" *4%"/(8" 0(/&'+%4%+" '/" 89%" 0*$0.$*8'(/"(C" */6"A4(A%486"
84*/&C%44%+"8("89%"B*04(&0(A'0"&($G%41"







5%" &B*$$%41" W(:%G%4," 89'&" &($.8'(/" '&" (/$6" A(&&'5$%" '/" 89%" '/8%4/*$" /(+%&" (C" 89%"
B*04(&0(A'0"+(B*'/1" F/" 89%"5(./+*46"/(+%&%,":9%4%"*8" $%*&8"(/%"(C" 89%" 0%$$" C*0%&" '&" *"
5(./+*46" J%1=1" &($'+" :*$$," '/8%4C*0%" 5%8:%%/" 8:(" C$.'+&" %801K," A%4'(+'0" 5(./+*46"
0(/+'8'(/&"0*//(8"5%".&%+"'/"89%"+'4%08'(/"/(4B*$"8("89%"5(./+*461"F/"89'&"0*&%,":%"/%%+"
8(".&%"*"C(40%"C'%$+"(4"*/"*48'C'0'*$":*$$"8("0(/C'/%"89%"B($%0.$%&1"W%4%":%".&%"*"4%C$%08'/="
:*$$,":9'09" 5(./0%&" 5*03" 89%"B($%0.$%&" '/" *"B'44(4D$'3%" C*&9'(/":9%/" 89%6" 04(&&" 89%"










F/" Z'=.4%" ^*" JC(4" 5.$3" /(+%K," 89%" &.++%/" M.BA&" '/" 89%"B%*&.4%+" G*$.%&" 5%8:%%/" 89%"
0(/&84*'/%+" */+" 5.CC%4" 4%='(/" 5'/&" *4%" +.%" 8(" 89%" C*08" 89*8" 89%" 0%$$" '&" A%4'(+'0" */+,"




:*$$" 89*8" '&"(/$6"/%%+%+" 8(" 0(/C'/%" 89%"B($%0.$%&1"Y/" 89%"*48'C'0'*$":*$$," 89%4%C(4%," 89%"
(&0'$$*8'(/&" *4%" /(8" A96&'0*$" */+"B.&8" 5%" %)0$.+%+" C4(B" 89%" 0(4%" 4%='(/1" X(B%8'B%&,"
9(:%G%4,"'8"'&"/(8"%*&6"8("%&8*5$'&9"5%C(4%9*/+"9(:"+%%A"'/8("89%"0%$$"89%"%CC%08&"(C"89%&%"
(&0'$$*8'(/&" A4(A*=*8%1" Z(4" 89'&" 4%*&(/," 89%" 5.CC%4" (C" 89%" 5(./+*46" /(+%&" &9(.$+"
/(4B*$$6"5%"$*4=%41""H9%"B%89(+":%"A4(A(&%"J&%%"X%08'(/"`K"9*/+$%&"89%"5(./+*46"*/+"
























? % $"" & ?( & ? % *" $& ! 3'											(4)				"
? % $@A
!
"& ? % B& (+? % "- & *5?" ! 3'									+6-			"
:9%4%" ρ" '&" 89%" C$.'+" +%/&'86,"1" 89%"B*04(&0(A'0" G%$(0'86," #" 89%" A4%&&.4%," τ" 89%" &84%&&"
8%/&(4,"ρ2" 89%"%)8%4/*$"5(+6" C(40%&"*08'/="(/" 89%" C$.'+,.1!" 89%" '/8%4/*$" %/%4=6"A%4"./'8"
G($.B%"*/+"C"89%"9%*8"C$.)1"




B ! "E$F &G8									(#3)9
F/"%E.*8'(/"J_K,"Dµ$!9:;9+<=9>:?=@AB9CD9E=F+CG:@G9H@D+9CI9+<=9;+D=;;'9µ9+<=9J:;KC;:+L'9@G?9Φ9
+<=9 ?=J:@+:CG9 CI9 +<=9 D=@A9 ;+D=;;9 IDCM9 +<=9 :?=@A9 ;+D=;;89 NG9 =OP@+:CG9 (#3)'9 !9 :;9 +<=9
+=MH=D@+PD='9 Qκ$!9 :;9 +<=9 >:?=@AB9 CD9 RCPD:=D9 H@D+9 CI9 +<=9 <=@+9 IAPS'9 κ9 +<=9 +<=DM@A9
KCG?PK+:J:+L'9@G?9Ψ9+<=9?=J:@+:CG9IDCM9+<=9:?=@A9IAPS89TL9:G+DC?PK:GU9=OP@+:CG;9(7)9@G?9
(#3)9:G'9D=;H=K+:J=AL'9=OP@+:CG;9(4)9@G?9(6)'9F=9CV+@:G"
C$(" ! $ % $"" & $( " $ %D" $&	'																(##)"
*/+"
E$(F ! ? % $@A
!
" " ? %G & (+? % "- & *5?" ! 38									+#*-			"
@%"0($$%08"*$$" 89%"8%4B&"(/"89%"4'=98"9*/+"&'+%"(C"%E.*8'(/&"J!!K"*/+"J!OK" '/" 8:("/%:"
C./08'(/&"
W+H- ! "$ % +$""-" $( & $ %D& $&C 	'																				(#,)"
*/+"
I+H- ! ? % $@
A
!




























(C" 89%"B'04(&0(A'0" &84%*B'/=" G%$(0'86"." */+" 8%BA%4*8.4%" )" (58*'/%+" C4(B"B($%0.$*4"
+6/*B'0&1""
[E.*8'(/&"J!_K"*/+"JOPK"*4%"G*$'+"%G%46:9%4%"%)0%A8"*8"89%"5(./+*46"/(+%&,":9%4%"89%"
B*04(&0(A'0" 5(./+*46" 0(/+'8'(/&" *8" 89%" :*$$&" &9(.$+" 5%" '/84(+.0%+1" X'/0%" 89%"
84*+'8'(/*$" /(D&$'A" G%$(0'86" */+" /(DM.BA" 8%BA%4*8.4%" 5(./+*46" 0(/+'8'(/" +(%&" /(8"
=%/%4*$$6" *AA$6" 8(" B'04(" */+" /*/(C$(:&" Je*+D%$DW*3" OPPgK," :%" B.&8" %)84*08" 89'&"
'/C(4B*8'(/"C4(B"89%"7-"&'B.$*8'(/&"8((1"F/"89'&"0*&%,":%"0*$0.$*8%"+'4%08$6"89%"G*$.%"(C"











F8" '&" 0(BB(/" A4*08'0%" 8(" G*$'+*8%" 9654'+"B%89(+&" *=*'/&8" 5%/09B*43" C$.'+" +6/*B'0&"
A4(5$%B&," &.09" *&" ]('&%.'$$%," I(.%88%" (4" $'+" +4'G%/" 0*G'86" C$(:&" J&%%" 7(9*B%+" */+"
7(9*B*+"OP!P" C(4" *" 4%G'%:K1" H9%" %E.'G*$%/8" C.$$D7-" &($.8'(/&" (C" 89%&%" A4(5$%B&," '/"
C*08,"0*/"5%"%*&'$6"0*$0.$*8%+"*/+"0(BA*4%+":'89"89%"9654'+"4%&.$8&"'/"(4+%4"8("*&&%&&"89%"
*00.4*06"(C"89%"B%89(+"A4(A(&%+1"






+'CC%4%/8"G%$(0'8'%&"*/+" 8%BA%4*8.4%&" JZ'=.4%"`K1"<%&'+%&"(.4"G*$'+*8'(/"A.4A(&%&," 89'&"
4%A4%&%/8&"*"=((+"09('0%"*$&("C(4"A4*08'0*$"4%*&(/&1"H9%4%"*4%,"'/"C*08,"B*/6"B'04("*/+"
/*/(D09*//%$" &6&8%B&" 89*8" :(.$+" 5%/%C'8" C4(B" 89%" %)8%/&'(/" (C" 89%" W77" 8(" /(/D
'&(89%4B*$"C$(:&1"#B(/="89%B,"0(BA.8%4"09'A"0(($'/="+%&%4G%&"&A%0'*$"*88%/8'(/1""@'89"
09'A" A(:%4" +%/&'8'%&" '/04%*&'/=" 5%6(/+" 89%" *'4" 0(($'/=" $'B'8," $'E.'+" 0(($'/=" B%89(+&"
5*&%+"(/":*8%4"J%1=1"#$C'%4'"OP!PK"(4"B%8*$&":'89"$(:"B%$8'/="A('/8"J%1=1"2'"%8"*$1"OPP\K"
*4%"0.44%/8$6"5%'/="'/G%&8'=*8%+1"H9%"*00.4*8%"0*$0.$*8'(/"(C"$'E.'+"4%C4'=%4*/8"C$(:&"'/"
/(/D'&(89%4B*$"B'04(D09*//%$&" '&" 'BA(48*/8" C(4" 89%" 0(44%08" *&&%&&B%/8" (C" 89%" &9%*4D
&84%&&V8%BA%4*8.4%" */+" 9%*8DC$.)V8%BA%4*8.4%" 4%$*8'(/," */+" 89%" 8%BA%4*8.4%" M.BA"
*04(&&"89%":*$$&1"H9%"G*$'+*8'(/"0*&%"A4%&%/8%+"'/"89'&"&%08'(/"4%A4%&%/8&"*"=((+"B(+%$"
C(4"89'&"86A%"(C"A4*08'0*$"*AA$'0*8'(/&1"""
F/" 89%" 0*&%" 0(/&'+%4%+" 9%4%," 89%" C$(:" '&" *8" &8%*+6D&8*8%1" Z(4" &'BA$'0'86," :%" *&&.B%"
A%4'(+'0'86"'/"89%"0"+'4%08'(/"*/+":%"/%=$%08"89%"5(./+*46"%CC%08&"*8"89%"%/84*/0%"*/+"*8"




































































*K @%"&8*48":'89"*/"%&8'B*8%"(C" 89%"G%$(0'86"3%567" */+" 89%" 8%BA%4*8.4%"(567,":9'09" '&"
0*$0.$*8%+"*8"%*09"/(+%"6!"(C"89%"0(/8'/..B"+(B*'/"J'/'8'*$'T*8'(/K1""
5K #"&A$'/%"'/8%4A($*8'(/'"'&"A%4C(4B%+"*/+"89%"G*$.%&"(C"3%J6!89:&'K,"3%J6!;9:&'K,"(J6!8







*/+" 8%BA%4*8.4%" *4%" %)84*08%+" C4(B" 89%"B($%0.$*4" 4%&.$8&1" F/" (4+%4" 8(" +(" 89'&,":%"
*AA4()'B*8%" J.&'/=" $%*&8" &E.*4%&" B'/'B'T*8'(/K" 89%" )5:7" */+" ,$5:7" A4(C'$%&" 8(" *"
A*4*5($*("*/+" 0*$0.$*8%" 89%" &%0(/+" +%4'G*8'G%1" H9%&%" G*$.%&" *4%" 89%/" '/84(+.0%+" '/"
%E.*8'(/"JOaK"J4%&84'08'(/K1"







'&" B(4%" %CC%08'G%," 89%4%C(4%," 8(" 4./" 89%" &($.8'(/" C(4" *" 0%48*'/" /.B5%4" (C" 060$%&" */+"
0*$0.$*8%"89%"*G%4*=%1"H9%"/('&%"C$.08.*8'(/&"0*/"5%"4%+.0%+"56"4%$*)'/="89%"&($.8'(/"%1=1"
















*/+" I'00(88'" !_Q`R" ?*A*A(48" OPP`K1" H%BA%4*8.4%" */+" G%$(0'86" (C" 89%" C'4&8" :*$$" *4%"
4%&A%08'G%$6" 3,
*UP" */+" H)









J2>K" *8(B&" JρUP1QK1" X'/0%" 4%+.0%+" ./'8&" *4%" .&%+," 89%" G*$.%" (C" 89%" 2>" A*4*B%8%4&" '&"
./'8*461"[*09"7-"&'B.$*8'(/":*&" 4./" C(4"g,PPP" 8'B%"&8%A&" J∆"UP1PP\K,":9%4%" 89%" C'4&8"




L&$'0%&N," :9'$%" 89%" 8:(" 0(/8'=.(.&" 8(" 89%" 5.CC%4" *4%" 89%" C4*B%&" :9%4%" G%$(0'86" */+"
8%BA%4*8.4%"*4%"0(/&84*'/%+1"
H9%"9654'+"4%&.$8&"*4%"0(BA*4%+":'89"C.$$"7-"4%&.$8&"0*$0.$*8%+" C(4"89%"&*B%"09*//%$1"
H9%"7-"+(B*'/" '&" *" 5()" (C" !P)!P)a\" ./'8" 0%$$&" J!P1Q)!P1Q)Q!" 4%+.0%+" ./'8&K":'89" *"
8(8*$" (C" a,\PP" *8(B&1" H9%" &'B.$*8'(/" '&" 4./" C(4"OPP,PPP" &'B.$*8'(/" &8%A&" */+" *G%4*=%"









89%6" *4%" 0(/&'+%4*5$6" &B*$$%4" 89*/" 89%" 9654'+" (/%&1"7(4%" +%8*'$&" (/" 89%" C$.08.*8'(/&"
J*/+"9(:"8("4%+.0%"89%BK"*4%"='G%/"5%$(:1"
Y89%4"'&&.%&"89*8"+%&%4G%"*88%/8'(/"*4%"89%"G%$(0'86"*/+"8%BA%4*8.4%"+'&0(/8'/.'8'%&"*8"
89%" 5(./+*4'%&1" X8(09*&8'0" :*$$&" +(" /(8" =%/%4*8%" &$'A" *&" Z'=.4%" g*" &9(:&1" H9%6" +(,"
9(:%G%4,"A4(+.0%"*" 8%BA%4*8.4%" M.BA1" F/" 89'&" &A%0'C'0" 0*&%," C(4" '/&8*/0%,":%" 'BA(&%+"
H+
#U!"*/+"H+









Z'=.4%" a," C(4" '/&8*/0%," 89%" 8%BA%4*8.4%" A4(C'$%" 5%8:%%/" 8:(" :*$$&" *8" +'CC%4%/8"
8%BA%4*8.4%&" JH+
#U!" */+"H+















'/" 89%" &%0(/+" 0$(&%&8" 5'/" '8" =(%&" *AA4()'B*8%$6" 8(" P1a" */+" !1^" 4%&A%08'G%$61"@9%/":%"
0*$0.$*8%" 89%" 9654'+" &($.8'(/," 'C":%" &'BA$6" .&%" 89%"B%89(+" +%&04'5%+" '/" X%08'(/" `" J'/"
:9'09"(/$6" 89%" C'4&8" 5'/" 0$(&%&8" 8(" 89%":*$$&" '&" 0(/&'+%4%+K,":%"(58*'/" 89%" C'4&8"A4(C'$%"
J84'*/=.$*4"B*43%4&K"'/"Z'=.4%"a1"H9%"0*$0.$*8'(/"(C"(/$6"(/%"G*$.%"(C"89%"8%BA%4*8.4%"'/"
89%"5'/"/%*4%&8"8("89%":*$$"'&"89%4%C(4%"/(8"%/(.=9"*/+"+(%&"/(8"=.*4*/8%%,"'/"89'&"0*&%,"*"
0(44%08" 8%BA%4*8.4%" A4(C'$%1" H(" 0(44%08" 89'&" A4(5$%B," :%" *$&(" 0(/&'+%4" *" &%0(/+"
8%BA%4*8.4%"A('/8"*8"89%":*$$"J89%"&%0(/+"/%*4%&8"5'/"4%C%44%+"*&"L:*$$"'BA4(G%B%/8N"'/"
Z'=.4%"aK1"<6".&'/=" 89'&"&'BA$%"B%89(+," 89%"9654'+"&($.8'(/" 'BA4(G%&"0(/&'+%4*5$6,"*&"






B*'/8*'/" 89%" G%$(0'86" =4*+'%/8" +%=4*+%&" 8(" 9%*8" 894(.=9" G'&0(.&" +'&&'A*8'(/1" #&" *"
0(/&%E.%/0%,"89%"8%BA%4*8.4%"*/+,"89%4%C(4%,"89%"G'&0(&'86"*4%"/(8"0(/&8*/81"H9%"&*B%"
A9%/(B%/(/"0*/"5%"(5&%4G%+,"*8"89%"/*/(&0*$%,"*$&("'/"89%"0*&%"(C"I(.%88%"C$(:1"Z'=.4%"
Q" 4%A(48&" 89%" 0*&%" :9%4%" /(" =4*G'86D$'3%" C(40%" '&" 0(/&'+%4%+R" 89%" 8:(" :*$$&" 9*G%"
+'CC%4%/8" G%$(0'8'%&" Jj+
#UP" */+" j+





C(4"gP,PPP" 8'B%"&8%A&" '/&8%*+"(C"g,PPP1"H9'&"+(%&"/(8"B%*/" 89*8" 89%"0*$0.$*8'(/"(C" 89%"
I(.%88%" C$(:" 4%E.'4%&" *" 9'=9%4" *00.4*06" 89*/" 89%" 0*&%&" A4%G'(.&$6" '/G%&8'=*8%+1" @%"
&'BA$6":*/8"8("&9(:,"*&"+'&0.&&%+"5%$(:,"89*8"'/04%*&'/="89%"&8*8'&8'0*$"*00.4*06"(C"89%"
&'/=$%"7-"&8%A&"4%+.0%&"89%"(G%4*$$"C$.08.*8'(/&"(C"89%"9654'+"B%89(+1"






+'&&'A*8'(/," :9'09" 9%*8&" 89%" C$.'+" */+" 4*'&%&" 89%" 8%BA%4*8.4%" JZ'=.4%" Q5K1" F/" *"
B*04(&0(A'0"09*//%$,"89%"*B(./8"(C"9%*8"=%/%4*8%+"'/"89'&":*6":(.$+"5%"/%=$'='5$%,"5.8"
'/" *" /*/(D09*//%$" 89%" &'8.*8'(/" '&" +'CC%4%/81" X'/0%" 89%" C$.'+" '&" /(8" '&(89%4B*$," 89%"
G'&0(&'86"'/"89%"09*//%$"'&"/(8"0(/&8*/8"&("89%"G%$(0'86"A4(C'$%"'&"/(8"A%4C%08$6"$'/%*41"H9'&"
'&" A*48'0.$*4$6" 84.%" /%*4" 89%":*$$&":9%4%" 89%" 8%BA%4*8.4%" =4*+'%/8&" *4%" 9'=9%41" " H9%"
9654'+" 4%&.$8&" *=*'/"B*809"G%46":%$$" 89%" C.$$D7-"+*8*," 0(/C'4B'/=" 89%"%CC%08'G%/%&&"(C"
(.4"B%89(+1"
F/"Z'=.4%"Q,":%"4%A(48,"*&"'/"Z'=.4%"g,"89%"8%BA%4*8.4%"*/+"G%$(0'86"G*$.%&"*8"89%"/(+%&"








8(" 89%" C*08" 89*8," '/" 89'&" 0*&%," 89%"7-" &'B.$*8'(/&" (C" 89%" 9654'+" *$=(4'89B" *4%" 4./" C(4"
gP,PPP" 8'B%" &8%A&" '/&8%*+" (C" g,PPP1" H9'&" 'BA$'%&" 9'=9%4" *00.4*06" (C" 89%" B'04(&0(A'0"
&($G%4"*/+,"0(/&%E.%/8$6,"&B*$$%4"(G%4*$$" C$.08.*8'(/&"'/"89%"9654'+"&($.8'(/1"H9%"A4'0%"






./'8&K," :'89" +%/&'86" ρUP1Q" */+" P$UP1PPa\R" 89%" G%$(0'86" (C" 5(89" J&8(09*&8'0K" :*$$&" '&"
j+
#,$UP" */+" 89%" 8%BA%4*8.4%" '&" H+
#,$U!1" H9%" +(B*'/" '/" 89%" :D+'4%08'(/" '&" +'G'+%+" '/8("
!\P"5'/&1"@%"4./"8:("&'B.$*8'(/&"C(4"O\P,PPP"8'B%"&8%A&"J∆"UP1PP\K1"F/"89%"C'4&8"(/%,"/("
8%BA%4*8.4%" 0(/84($" '&" 'BA$%B%/8%+" */+" 89%" 8%BA%4*8.4%" 4'&%&" &$'=98$6" J(n!1\" '/" 89%"
0%/84%"(C"89%"09*//%$K1"F/"89%"&%0(/+"(/%"89%"+'&&'A*8'(/"9%*8"'&"4%B(G%+":'89"*"G%$(0'86"
4%&0*$'/=" J(U!K" %G%46" !P,PPP" 8'B%" &8%A&" &(" 89*8" 89%" *G%4*=%" 8%BA%4*8.4%" 4%B*'/&"
*AA4()'B*8%$6" 0(/&8*/8" '/" 89%" 09*//%$1" H9%" &84%*B'/=" G%$(0'86" '&" /(8" A*48'0.$*4$6"
*CC%08%+" 56" 89%" 8%BA%4*8.4%" 0(/84($1" Z'=.4%" _" &9(:&" 89%" G%$(0'86" A4(C'$%" C(4" 89%"
8%BA%4*8.4%D0(/84($$%+"0*&%,"5.8"89%"A4(C'$%"C(4"89%"8%BA%4*8.4%D/(/D0(/84($$%+"0*&%"'&"
G%46" &'B'$*41" I(/0%4/'/=" 89%" 9654'+" 4%&.$8&," :%" 4./" 89%" &'B.$*8'(/" ./+%4" 89%" &*B%"
0(/+'8'(/&" (C" Z'=.4%" g," 5.8" P$UP1PPa\," j+UP" (/" 5(89":*$$&," Q.UQ!" */+"'U\1" H9%" C$.'+"
8%BA%4*8.4%" '/" 89%" 0(/&84*'/%+" 4%='(/&" (C" %G%46" /(+%" '&" C')%+" 8(" (U!1" Y/0%" 89%"
!\"!
8%BA%4*8.4%" '&" 0(/84($$%+" '/" 89%" LC4*B%&N," */+" &'/0%" 89%"7-"5()%&" .&%+" '/" 89%" 9654'+"
&09%B%" *4%" &B*$$," 89%" 8%BA%4*8.4%" +(%&" /(8" 4'&%" A*48'0.$*4$6" */+" /(" C.489%4"
8%BA%4*8.4%"0(/84($" '&"/%0%&&*461"@9'$%" C(4"Z'=.4%&"g,"a"*/+"Q"*"4%$*)*8'(/" C*08(4"J&%%"
%E.*8'(/"OQK"αUP1\":*&".&%+,"9%4%"/("4%$*)*8'(/"JαUPK"'&"%BA$(6%+1""
Z'=.4%"_"&9(:&"89%"0(BA*4'&(/"5%8:%%/"(.4"9654'+"4%&.$8&"*/+"89%"A*4*5($'0"A4(C'$%1"#&"
*$4%*+6" +'&0.&&%+," 89%" 9654'+" 4%&.$8&" *4%" 4*89%4" /('&6" */+" 89'&" 0*/" 5%" &%%/" C4(B" 89%"
%44(4"5*4&1"@9'$%" C(4"Z'=.4%"Q":%".&%+"B(4%"7-"8'B%"&8%A&"89*/"C(4"Z'=.4%"g"8("&9(:"
9(:"89'&"+%04%*&%&"89%"C$.08.*8'(/&,"9%4%":%"+'+"/(8".&%"*"4%$*)*8'(/"C*08(4"'/"(4+%4"8("
&9(:" 9(:" 89'&" '/04%*&%&" 89%" C$.08.*8'(/&1" -%&A'8%" 89%" 9'=9%4" /('&%," 9(:%G%4," 89%"
*$=(4'89B"4%B*'/&"&8*5$%"*/+"89%"*G%4*=%&"'/"Z'=.4%"_"0$(&%$6"C($$(:"89%"7-"A4(C'$%1"
=>R SDFCJGFJ#%F.TDE%MD"%JB.
X(" C*4," :%" G*$'+*8%" (.4" B%89(+" 56" 0(BA*4'/=" 9654'+" */+" C.$$D7-" 4%&.$8&1" H9'&" '&," *&"
*$4%*+6"B%/8'(/%+," 0(BB(/"A4*08'0%" */+," .A" 8(" /(:,":%" 0(/C(4B%+" 8(" '81" F/" =%/%4*$,"
9(:%G%4," 89'&" 86A%" (C" G*$'+*8'(/" '&" 4%&84'08'G%" 5%0*.&%," '/" 89'&" :*6," :%" (/$6" 8%&8" 89%"
B(+%$" C(4" &B*$$" &6&8%B&," +%&A'8%" 89%" C*08" 89*8" 89%" 4%*&(/" :96" :%" &8.+6" 9654'+"
*$=(4'89B&" '/" 89%" C'4&8"A$*0%" '&" 8("5%"*5$%" 8("&'B.$*8%"&6&8%B&"B.09" $*4=%4" 89*/"7-" '&"
0*A*5$%" (C" &'B.$*8'/=" :'89'/" 4%*&(/*5$%" 0(BA.8*8'(/*$" 8'B%&1" 7(4%(G%4," '/" (4+%4" 8("







+(%&" /(8" G*46" %)0%&&'G%$6" '/" 89%" +(B*'/1" @%" 0*/," 89%4%C(4%," 8*3%" *+G*/8*=%" (C" 89'&"
0'40.B&8*/0%"*/+"0(BA*4%"(.4"4%&.$8&":'89"89%"0(44%&A(/+'/="A*4*5($'0"A4(C'$%"'/"(4+%4"
8("*&&%&&"89%"*00.4*06"(C" 89%"9654'+"B(+%$" C(4" $*4=%4"09*//%$&1"W%4%,":%"&'B.$*8%+"*/"
'&(89%4B*$" 09*//%$" J(U!,"'U!!," j+
#,$UP," P$" U!P
-&,"αUP1!" */+" !P)!P)!P" ./'8" 0%$$&" A%4"
/(+%R"(89%4"0(/+'8'(/&"*4%"89%"&*B%"*&"'/"Z'=.4%"QK"(C"&'T%"Q.U^PPP"4%+.0%+"./'8&1"FC":%"
0(/&'+%4"89*8"'/"B*/6"A4*08'0*$"0*&%&"89%"σ"A*4*B%8%4"(C"89%"2%//*4+D>(/%&"A(8%/8'*$"'&"














$*4=%4," 89%6" $((3" 0(/&'+%4*5$6" &B*$$%41"7(4%(G%4,":%" %BA$(6%+" '/" 89'&" 0*&%" *" &B*$$%4"
/.B5%4"(C"/(+%&"4%$*8'G%"8("89%"&'T%"(C"89%"B*04(&0(A'0"+(B*'/1" F/"=%/%4*$," 89%"$*4=%4"
89%" &6&8%B" 89%" B(4%" %CC'0'%/8" '&" 89%" 9654'+" 0(BA.8*8'(/" 5%0*.&%" 89%" (A8'B*$" 4*8'("
5%8:%%/"'"*/+"89%"&'T%"(C"89%"B*04(&0(A'0"+(B*'/"+%04%*&%&1"
@%" &9(.$+" /(8" 5%" B'&$%+" 56" 89%" *AA*4%/8" &'BA$'0'86" (C" 89'&" %)*BA$%1" H9%" A*4*5($'0"






(/" 89%" 0*$0.$*8'(/" (C" 89%" G%$(0'86V8%BA%4*8.4%" 2*A$*0'*/&" *8" '/8%4/*$" /(+%&" */+" 89%"
G%$(0'86V8%BA%4*8.4%" G*$.%&" *8" 5(./+*4'%&1" H9%" *$=(4'89B" A%4C(4B%+" G%46":%$$" '/" *$$"
8%&8" 0*&%&" 0(/&'+%4%+1" X'/0%" (.4" 9654'+" B%89(+" /%%+&" 89%" %&8'B*8'(/" (C" &%0(/+"
+%4'G*8'G%&"C4(B"7-"A4(C'$%&,"*"0%48*'/"$%G%$"(C"C$.08.*8'(/"'/"89%"4%&.$8"'&"%)A%08%+1"@%"




*$=(4'89B":(43&" C(4"/(/D'&(89%4B*$" C$(:&" */+" '8" +(%&"/(8"/%%+" 89%" 0*$0.$*8'(/"(C" 89%"
F4G'/=D;'43:((+" C$.)%&1" H9%" 89'4+" *+G*/8*=%" '&" 89*8" +'4%08" 3/(:$%+=%" (C" 89%" &(.40%"
8%4B&" J2" '/" %E.*8'(/" a" */+" τ:∇1" '/" %E.*8'(/" QK" '&" /(8" 4%E.'4%+" &'/0%" 89%'4" %CC%08" '&"






@9'$%" '8" '&" A(&&'5$%" 8(" 'BA$%B%/8" 89%&%" '/" */" 7-" &'B.$*8'(/," 89%'4" %CC%08" (/" 89%"
0(/8'/..B"B(+%$"0*//(8"5%"0(/0%/84*8%+"'/"*"&'BA$%"0(/&8*/8"*&"2"'/"%E.*8'(/"JaK1"H9'&"
B*3%&" (.4" B%89(+" G'*5$%" *$&(" :9%/" 89%&%" C(40%&" *4%" /(8" A%4C%08$6" 3/(:/" *8" 89%"
B*04(&0(A'0"$%G%$,"*/+"89'&"'&"0$%*4$6"*/"*+G*/8*=%"'/"&(B%"A4*08'0*$"&'8.*8'(/&1"Z(4"89%"
/(/D'&(89%4B*$" 0*&%," 89%" 5%/%C'8" '&" %G%/" B(4%" (5G'(.&" &'/0%" 89%" τ:∇1" 8%4B" '&" B(4%"
0(BA$%)" 89*/"21"H9%" 0*$0.$*8'(/"(C" 89%" 4%$*8'G%$6" 0(BA$'0*8%+"G'&0(.&"+'&&'A*8'G%" 8%4B"
J%/0$(&%+" '/"τ:∇1K" '&," '/"(.4"B(+%$,"/(8" 4%E.'4%+,"5.8"%B%4=%&"*.8(B*8'0*$$6" C4(B"89%"
2*A$*0'*/1""
!a"!
H9%4%" *4%," B(4%(G%4," &(B%" C%*8.4%&" (C" 89%" *$=(4'89B" 89*8" B*3%" '8" *884*08'G%" C4(B" *"
A4*08'0*$" A('/8" (C" G'%:1" <(89" 89%" +'&04%8%" */+" 89%" 0(/8'/.(.&" A*48&" 4%E.'4%" B'/'B*$"
09*/=%&"C4(B,"4%&A%08'G%$6,"&8*/+*4+"7-"0(+%&"*/+"A*48'*$"+'CC%4%/8'*$"%E.*8'(/&"J]-[K"
/.B%4'0*$" &($G%4&1" I(/0%4/'/=" 89%" *8(B'&8'0" B(+%$," C(4" '/&8*/0%," &'/0%" 4'='+" A%4'(+'0"
5()%&"*4%"%BA$(6%+," 89%"(/$6"4%*$"B(+'C'0*8'(/":'89"4%&A%08" 8("*"&8*/+*4+"7-"0(+%" '&"
89%" A4%&%/0%" (C" 89%" 0(/&84*'/" 4%='(/1" I(/0%4/'/=" 89%" 0(/8'/..B" &($G%4," (/0%" 89%"




*/+," C(4" 89'&" 4%*&(/," 89%" '&&.%" (C" 89%" *$=(4'89B" /.B%4'0*$" %CC'0'%/06" '&" /(8" +'4%08$6"





































:" ! :V1O 					+J=ACK:+L-'						(,*)5
F" ! F =)O 					++=MH=D@+PD=-'					(,,)"
X" ! X R01O 					+ICDK=-'					(,0)!
Y" ! Y R01
3
O 					+HD=;;PD=-'					(,1)!
$" ! $ R01
3
1 					+?=G;:+L-'					(,2)"
C" ! C R01
3
√1O					+J:;KC;:+L-'					(,4)"
[" ! [1R01O 					+@KK=A=D@+:CG-'					(,6)!
"






&8%A&"*/+" 89%"4%$*)*8'(/" C*08(41"@%"&*:"89*8" 89%"A4'0%" 8("A*6" C(4".&'/=" 89%&%"B%89(+&"
0(/&'&8&"'/"$(/=%4"0(BA.8*8'(/*$"8'B%&1"H9%4%"'&,"9(:%G%4,"*"89'4+"'+%*,":9'09"+(%&"/(8"
9*G%" 89'&" +4*:5*03," 5.8," (/" 89%" (89%4" 9*/+," 4%E.'4%&" */" '/'8'*$" *AA4()'B*8'(/" (C" 89%"
&($.8'(/1"F/"89%"G*$'+*8'(/"0*&%&"+'&0.&&%+"'/"89'&"&8.+6"JX%08'(/"gK,":%"+'+"/(8".&%"89'&"
89'4+"*AA4(*09"5%0*.&%":%":*/8%+" 8(" 8%&8"(.4"B%89(+" '/" 89%":(4&8"A(&&'5$%"&0%/*4'(,"
:9%4%" /(" *AA4()'B*8'(/" '&" *G*'$*5$%1" F/" =%/%4*$," 9(:%G%4," 89'&" 0*/" 5%" (58*'/%+" 56"
0*$0.$*8'/=" 89%" 0(/8'/..B"&($.8'(/1"@'89" q0(/8'/..B"&($.8'(/r" '/" 89'&" 0*&%,":%"+("/(8"
B%*/"89%"&($.8'(/"0*$0.$*8%+"+.4'/="89%"B*04(&0(A'0"&8%A"(C"89%"9654'+"*$=(4'89B,"5.8"
89%" &($.8'(/":%":(.$+" (58*'/"56" &($G'/="(/$6" 89%"B*04(&0(A'0" %E.*8'(/&":'89(.8" */6"
B'04(&0(A'0" 4%C'/%B%/81" @%" 0(.$+," C(4" '/&8*/0%," 0$(&%" %E.*8'(/&" JaK" */+" JQK" :'89,"
4%&A%08'G%$6,"S%:8(/N&"$*:"(C"G'&0(&'86"*/+"Z(.4'%4N&"$*:"(C"9%*8"0(/+.08'(/"*/+"$((3"C(4"
*"4%*&(/*5$%"%&8'B*8'(/"(C"89%"G'&0(&'86"*/+"89%"89%4B*$"0(/+.08'G'861""
#"A4*08'0*$" %)*BA$%" 0*/"9%$A".&"%)A$*'/'/=" 89'&"B%89(+1"@%" 8*3%" '/8(" 0(/&'+%4*8'(/"*"
C4*B%+"0(BA.8*8'(/*$"0%$$"0(BA(&%+"(C"!P)!P)!O"./'8"0%$$&1"H9%"&84%*B'/="G%$(0'86"*/+"
8%BA%4*8.4%"*4%"0(/&84*'/%+" '/"89%"O./"*/+"!!01"5'/" '/" 89%":"+'4%08'(/"8(,"4%&A%08'G%$6,"
j#UP" */+" H#U!," */+" j$UP1!" */+" H$U!1" H9%" *00%$%4*8'(/" P$" '&" C')%+" 8(" P1P!," :9'$%" 89%"
4%B*'/'/=" A*4*B%8%4&" *4%" 89%" &*B%" (C" Z'=.4%" \1"@9'$%" 89%" &'B.$*8'(/" A4(=4%&&%&,":%"




C(4" '/&8*/0%," 4%A4%&%/8&" 89%" G%$(0'86" G*$.%&" *8" BU\PR" 89%6" *4%" &'=/'C'0*/8$6" &0*88%4%+"
5%0*.&%" 89%6" *4%" 5*&%+" (/" *" &B*$$" /.B5%4" (C" &*BA$%&1" #&" B" '/04%*&%&," 89%" G%$(0'86"
A4(C'$%" 5%0(B%&" B(4%" *00.4*8%1" H9%" A4(C'$%" $*5%$$%+" :'89" qB1r" J5$*03" +'*B(/+&K"
4%A4%&%/8&" 89%" G%$(0'86" 0*$0.$*8%+" :'89" *" G%46" 9'=9" /.B5%4" (C" &*BA$%&" JBU!PP,PPPK1"
X'/0%" '/" 89'&" 0*&%" *" 9'=9" /.B5%4" (C" &*BA$%&" *4%" .&%+," 89%" +*8*" C($$(:" *":%$$D+%C'/%+"
0.4G%"*&"'/+'0*8%+"'/"Z'=.4%"!!1""FC":%"'/04%*&%"B"5%6(/+"89'&"G*$.%,"/("/(8'0%*5$%"%CC%08"
(/"89%"G%$(0'8'%&"'&"(5&%4G%+"*/+"89'&"'&"89%"4%*&(/":96":%"/*B%+"89'&"A4(C'$%"B11"
H9%&%"G%$(0'86"G*$.%&" J:9'8%" 0'40$%&" '/"Z'=.4%"!!K"*4%" 89%/" C'88%+" 8("*"A*4*5($*":9(&%"
0.4G*8.4%," *&" *$4%*+6" +'&0.&&%+" '/" X%08'(/" \," '&" &%/8" 8(" %E1" JOaK1" F/" Z'=.4%" !!," 89%"
A*4*5($*"'/"E.%&8'(/"'&"89%"(/%"$*5%$$%+":'89"q/("0(/8'/..B"%&8'B*8'(/r1"H9%"9'=9%4"B,"
89%" B(4%" *00.4*8%" '&" 89%" 0.4G*8.4%1" H9%" :9'8%" &E.*4%&" '/" Z'=.4%" !O" &9(:" 9(:" 89%"
0.4G*8.4%"G*4'%&":'89"B1"2(:"G*$.%&"(C"B"&'=/'C6"C*&8%4"7-"&8%A&,"5.8,"*8"89%"&*B%"8'B%,"
$(:%4"*00.4*06"*/+,"89%4%C(4%,"9'=9%4"/('&%1""





89%" *AA4()'B*8%" &($.8'(/" */+" *09'%G%" *" :%'=98%+" C'88'/=1" 7*)'B.B" :%'=98" JUU!K" '&"
='G%/"8("89%"+*8*"'/"89%"=4%6"*4%*"(C"Z'=.4%"!!1"H9%":%'=98"(C"89%":9'8%"0'40$%&"(.8&'+%"
89'&"T(/%" '&"4%+.0%+"A4(A(48'(/*$$6" 8(" 89%"&E.*4%"(C" 89%'4"+'&8*/0%" C4(B"89%"=4%6"*4%*1"
Y89%4"&84*8%='%&"*4%"A(&&'5$%,"5.8"89%"$(='0" '&"*$:*6&"89%"&*B%b"89%" C*489%4"89%"0'40$%" '&"
C4(B"89%"B*)'B.B"0(/C'+%/0%"T(/%,"89%"&B*$$%4"89%":%'=98"&9(.$+"5%1"FC":%"4%A%*8"89%"
C'88'/=":'89"89%&%":%'=98&,":%"(58*'/"89%"A*4*5($*"$*5%$$%+"q:'89"0(/8'/..B"%&8'B*8'(/r,"
:9'09" '&" 0(/&'+%4*5$%" 0$(&%4" 8(" B1" 89*/" 89%" q/(" 0(/8'/..B" %&8'B*8'(/r" (/%1" H9%"
84'*/=$%&" '/" Z'=.4%" !O" &9(:" 89*8" 89%" 0.4G*8.4%&" 0*$0.$*8%+" :'89" 89%" 0(/8'/..B"
%&8'B*8'(/"*4%,"*8" $(:"B," 0(/&'+%4*5$6"B(4%"*00.4*8%"89*/"89%"(/%&"0*$0.$*8%+":'89(.8"
0(/8'/..B" %&8'B*8'(/1" W'=9%4" 0(/C'+%/0%&" '/" 89%" 0(/8'/..B" *AA4()'B*8'(/" A4(+.0%"
9'=9%4"*00.4*0'%&"'/"89%"0.4G*8.4%,"*&"89%"µUOsO\t"0.4G%"'/"Z'=.4%"!O"J89%"B*)'B.B"
0(/C'+%/0%"T(/%"'&"/(:"+%$'B'8%+"56"89%"µU!1\"*/+"µUO1\"0.4G%&K"'/+'0*8%&1"""
H9%"B%89(+"+%&04'5%+"9%4%"0*/"5%".&%C.$" 8(" C.489%4"4%+.0%" 89%" C$.08.*8'(/&1"@%"B.&8"
3%%A" '/" B'/+," 9(:%G%4," 89*8" '8" 4%E.'4%&," *8" %*09" B*04(D&8%A," 89%" 0*$0.$*8'(/" (C" 8:("
0(/8'/..B" &($.8'(/&b" (/%" C(4" 89%" .AA%4" $'B'8" */+" 89%" (89%4" C(4" 89%" $(:%4" $'B'8" (C" 89%"
B*)'B.B"0(/C'+%/0%"T(/%1"H9'&,"/%G%489%$%&&,"&9(.$+"/(8"5%"*"A4(5$%B"'/"A4*08'0%"C(4"
8:(" 4%*&(/&1" Z'4&8,":%" +(" /(8" &%%3" 89%" 0(/8'/..B" &($.8'(/" '/" 89%":9($%"B*04(&0(A'0"
+(B*'/," 5.8" (/$6" '/" 89%" T(/%&" 0(G%4%+" 56" 89%" 7-" &($G%41" X%0(/+," '8" '&" 84.%" 89*8" 89%"
0(BA.8*8'(/" (C" 89%" 0(/8'/..B" &($.8'(/" 4%E.'4%&" *++'8'(/*$" 0(BA.8*8'(/*$" 8'B%," 5.8"
.&.*$$6" 89%"5(88$%/%03"(C" 89%"9654'+"*AA4(*09" $*6&" '/" 89%"B'04(&0(A'0" 4*89%4" 89*/" 89%"
OP"!




#9B%+" #1" */+" X*+.&" ?1" JOP!!K" S(/%E.'$'54'.B" %E.*8'(/" (C" &8*8%" C(4" 2%//*4+D>(/%&"
C$.'+&" */+" 89%" 0*$0.$*8'(/" (C" &84*'/D4*8%" +%A%/+%/8" &9%*4" G'&0(&'86," VOW4X. YJ,CBDE,"
\abO\PDO\Q1"
#$%)'*+'&" #1," ;*&&'/(&" X1" JOPPQ*K"7($%0.$*4" &'B.$*8'(/" (C":*8%4" '/" 0*45(/" /*/(8.5%&,"
W4A$%FDE.ZAT%AUG"!PQb"\P!`D\P^`1"




#$%)'*+'&,"#1,";*&&'/(&"X1" JOPPQ+K"H9%" +%/&'86" (C":*8%4" '/" 0*45(/"/*/(8.5%&"W4A$%FDE.
XBP%BAAC%BP.[F%ABFA+"g^b"OP`aDOP\g1"
#$C'%4'"Z1,"H':*4'"71";1,"d'/(G'3" F1," ](.$'3*3(&"-1,"<4./&09:'$%4"H1,"7'09%$"<1" JOP!PK"^-"
'/8%=4*8%+" :*8%4" 0(($'/=" (C" *" 0(BA(&'8%" B.$8'$*6%4" &8*03" (C" 09'A&," YJ,CBDE. J!. \AD".
(CDBG!AC"!^ObO!`POD_1"
#$$%/,"71,"H'$+%&$%6,"-1J!_QaK"WJ$#,"AC.[%$,ED"%JB.J!.Q%],%MG.I$*4%/+(/"]4%&&"Y)C(4+1"
#3'B*"W1" J!_aPK,"#"S%:"7%89(+"(C" F/8%4A($*8'(/" */+"XB((89"I.4G%"Z'88'/="<*&%+"(/"
2(0*$"]4(0%+.4%&,"YJ,CBDE.J!."4A.VWS"!ab\Q_DgPO1"
#&A4(.$'&," S1," ;*$:%'8," 71," -4'3*3'&," -1" JOP!OK" #" 9654'+"B($%0.$*4" 0(/8'/..B"B%89(+"
.&'/="A('/8":'&%"0(.A$'/=,"VMTDBFAG.%B.XBP%BAAC%BP.[J!"UDCA"`gbQ\D_O1"
-4'3*3'&,"-1,"#&A4(.$'&,"S1"JOP!PK!7.$8'D&0*$%"0(BA.8*8'(/*$"B(+%$$'/="(C"C$(:"*/+"9%*8"






I(4B'%4" >1," ?'03B*/" >171" */+" -%$A9," H1>1" JOPP!K" X84%&&" 0*$0.$*8'(/" '/" *8(B'&8'0"
&'B.$*8'(/&"(C"A%4C%08"*/+"'BA%4C%08"&($'+&,"YJ,CBDE.J!.V##E%AM._40G%FG"Q_b__D!P`1"
O!"!
[" @1," ?%/" @1I1" */+" h*/+%/D['M/+%/" [1I1" JOPP_K" #" =%/%4*$" &84*8%=6" C(4" +%&'=/'/="
&%*B$%&&"B.$8'&0*$%"B%89(+&,"YJ,CBDE.J!.WJ$#,"D"%JBDE._40G%FG"OOQb\`^aD\`\^1"
W*+M'0(/&8*/8'/(.," S1e1," ]*8%4*," #1H1" J!__aK" W%8%4(=%/%(.&" *8(B'&8'0D0(/8'/..B"








;%G4%3'+'&," F1e1," X*B*%6," e1" JOPP_K" [E.*8'(/DC4%%" B.$8'&0*$%" 0(BA.8*8'(/b" *$=(4'89B&"
*/+"*AA$'0*8'(/&,"VBB,DE.ZAT%AU.%B._40G%FDE.W4A$%G"C0"gPb^O!D^``1"














S'09($$&"@1-1," <(4="71;1," 2(03%456" -1#1," ?%%&%" >171" JOP!O*K"@*8%4" 84*/&A(48" 894(.=9"
Ja,aK" 0*45(/" /*/(8.5%&" (C" +'CC%4%/8" $%/=89&" .&'/=" B($%0.$*4" +6/*B'0&," S%FCJ!E,%M.
'DBJ!E,%M"!ObO\aDOg`1""
S'09($$&"@1-1," <(4="71;1," 2(03%456" -1#1," ?%%&%" >171" JOP!O5K"@*8%4" 84*/&A(48" 894(.=9"
0*45(/"/*/(8.5%&":'89"+%C%08&,"SJEAF,EDC.[%$,ED"%JB"^QbaQ!DaQ\1"""""""""""""
!!"!




#18)"=+)" >)"=+" -!..?0"@1(1'&6181&A:"3AB(5:C$B1"31(D&2" E&'" (D1"3&21B586" &E" C&3%B1F"
EBA52:"$82"35C'&GEBA525C:)"6(-&1.+$()$7(28-'.'3(1.+$9"043,4"!./HIG!J+"





















F*G( >( 9)*F( %&7$-&7( $,"2'( 60>( <9H>F>9H( $,"2( -&88'=( @"2.( 9HHH( I&,,4%73J0,&'(





!"#$%&( G*( P.4,,&8( 180@( @"2.( 60$,7",#( @488'( 42( 2@0( 7"11&%&,2( K&80-"2"&'( 4,7(










!"#$%&( T*( P0/;4%"'0,( 6&2@&&,( K&80-"25( <4=( 4,7( 2&/;&%42$%&( <6=( ;%01"8&'(















!"#$%&( W*( P0/;4%"'0,'( 6&2@&&,( 1$88( RS( 4,7( .56%"7( K&80-"25( ;%01"8&'( 10%(
"'02.&%/48(X0"'&$"88&(180@*(
(
(
!"#$%&()H*(P0/;4%"'0,(6&2@&&,(2.&(.56%"7(%&'$82'(4,7(2.&(;4%4608"-(;%01"8&(10%(4(
84%#&("'02.&%/48(-.4,,&8*( (
^!"!
0
P/2.%<0(()0P/$$/+20/:@%,4<:<+$0"Q0.#/+20$9<0',+$/+..:0<#$/:&$/,+)0
0
0
P/2.%<0(7)0R$%<&:/+204<8,'/$Q0'.%4&$.%<04<%#.#0+.:"<%0,50#&:@8<#)0
0
